This study sought to understand whether genetic variation at the Neuropeptide Y (NPY) locus governs secretion and stress responses in vivo as well as NPY gene expression in sympathochromaffin cells.
Background
The NPY is a potent pressor peptide co-released with catecholamines during stress by sympathetic axons. Genome-wide linkage on NPY secretion identified a LOD (logarithm of the odds ratio) peak spanning the NPY locus on chromosome 7p15.
Methods
Our approach began with genomics (linkage and polymorphism determination), extended into NPY genetic control of heritable stress traits in twin pairs, established transcriptional mechanisms in transfected chromaffin cells, and concluded with observations on blood pressure (BP) in the population.
Results
Systematic polymorphism tabulation at NPY (by re-sequencing across the locus: promoter, 4 exons, exon/intron borders, and untranslated regions; on 2n ϭ 160 chromosomes of diverse biogeographic ancestries) identified 16 variants, of which 5 were common. We then studied healthy twin/sibling pairs (n ϭ 399 individuals), typing 6 polymorphisms spanning the locus. Haplotype and single nucleotide polymorphism analyses indicated that proximal promoter variant ٌϪ880⌬ (2-bp TG/-, Ins/Del, rs3037354) minor/⌬ allele was associated with several heritable (h 2 ) stress traits: higher NPY secretion (h 2 ϭ 73 Ϯ 4%) as well as greater BP response to environmental (cold) stress, and higher basal systemic vascular resistance. Association of ٌϪ880⌬ and plasma NPY was replicated in an independent sample of 361 healthy young men, with consistent allelic effects; genetic variation at NPY also associated with plasma NPY in another independent series of 2,212 individuals derived from Australia twin pairs. Effects of allele Ϫ880⌬ to increase NPY expression were directionally coordinate in vivo (on human traits) and in cells (transfected NPY promoter/luciferase reporter activity). Promoter Ϫ880⌬ interrupts a novel glucocorticoid response element motif, an effect confirmed in chromaffin cells by site-directed mutagenesis on the transfected promoter, with differential glucocorticoid stimulation of the motif as well as alterations in electrophoretic mobility shifts. The same Ϫ880⌬ allele also conferred risk for hypertension and accounted for approximately 4.5/approximately 2.1 mm Hg systolic BP/diastolic BP in a population sample from BP extremes.
Neuropeptide Y (NPY), a 36-amino acid peptide neurotransmitter, is produced/secreted by noradrenergic neurons (both central and autonomic) as well as chromaffin cells (1) . The peptide has diverse functions, including roles in immune response (2) ; regulation of food consumption (3); and control of heart rate, vasoconstriction, coronary blood flow, and ventricular function (4) . The NPY also augments vasoconstrictor effects of noradrenergic neurons. Like epinephrine and norepinephrine, the release of NPY to the circulation occurs during sympathetic activation after environmental stress (5) . Compared with the more rapid secretion and duration of catecholamine action, NPY is released by more intense and prolonged sympathetic activation, thus marking more severe stress (6) . Increased NPY signaling due to elevated NPY expression in the hypothalamus might contribute to development of obesity and its related traits, Type II diabetes, and cardiovascular disease (3) . The NPY is also involved in regulatory loops between the immune and adrenal systems in pathophysiological conditions wherein interleukin-1-beta secretion is activated, as in sepsis, rheumatoid arthritis, stress, or hypertension (7, 8) . Moreover, NPY increases the proportion of energy stored as fat and blocks nociceptive signals to the brain (9) . The effect of stress on blood pressure (BP) is thus of increasing importance. Although hypertension is not a simple consequence of stress, repeated stressors might eventuate in systemic hypertension (10) . Patients with hypertension often exhibit increased sympathetic activity (11, 12) , and people with sympathetic overactivity tend to develop hypertension (13, 14) . In a rodent genetic model of stress (Rat Genome Database, Bioinformatics Research Center, Milwaukee, Wisconsin), the Npy locus lies within the confidence interval for linkage to circulating corticosterone, the rodent glucocorticoid (Stresp4). In light of the emerging biology of NPY, we undertook the present study, with genomic and computational tools to probe how heredity shapes human functional responses in the sympathetic neuroeffector junction, with NPY as a likely focal point in the pathogenesis of cardiovascular or neuropsychiatric disease.
Here we began with genomics (linkage and re-sequencing for polymorphism determination) and proceeded to phenotyping of heritable proximal traits in twin pairs. Functional studies of NPY promoter polymorphism are evolving (15) , and thus we established a novel transcriptional mechanism in transfected cells, concluding with extension of the findings into disease in the population.
Methods
Subjects and clinical characterization. Subjects were volunteers from southern California (San Diego area), and each subject gave informed, written consent; the protocol was approved by the institutional review board. Recruitment procedures, definitions, and confirmation of subject diagnoses are according to previous reports. Genomic deoxyribonucleic acid of each individual was prepared from leukocytes in ethylenediaminetetraacetic acid-anticoagulated blood, with PureGene extraction columns (Gentra Biosystems, Minneapolis, Minnesota).
Polymorphism determination.
See Online Methods. Characteristics of the resequenced subjects are given in Online Table 1.  Details of amplicons and polymerase chain reaction primers for  polymorphism determination and  genotyping are given in Online  Tables 2 to 4 . UCSD twin and sibling pairs. From 235 nuclear families, 399 individuals from twin and sibling (sib) pairs were recruited to conduct the following study. Zygosity was confirmed by extensive microsatellite and single nucleotide polymorphism (SNP) genotyping, as described (16) . Twins ranged in age from 15 to 84 years; 10% were hypertensive. All of the twins in these allelic/haplotype association studies were self-identified as of European (white) ancestry, to guard against the potentially artifactual effects of population stratification. NPY replication in young American men. See Online Methods. NPY replication in Australian twins. See Online Methods. Primary care population derived from extremes of BP distribution. From a database of over 53,000 people in southern California, we ascertained 1,121 Europeanancestry individuals, of both sexes, from the highest and lowest 5th percentiles of a primary care population (17) in BP distribution. Evaluation included physical examination, blood chemistries, hemogram, and extensive medical history questionnaire. Characteristics of the hypertensive and normotensive groups are shown as Online CI ϭ cardiac index; DBP ϭ diastolic blood pressure; HR ϭ heart rate; "Index" ϭ hemodynamic value (CO or SVR) normalized to body surface area (in m 2 ); NPY ϭ Neuropeptide Y; SBP ϭ systolic blood pressure; SVI ϭ stroke volume index; SVRI ϭ systemic vascular resistance index.
Genome-wide linkage for NPY secretion in twin and sib pairs. Multi point sib-pair linkage analysis of plasma NPY concentration revealed a peak logarithm of the odds score of 4.27 at 34 cmol/l on chromosome 7p15; of note, the NPY locus itself is within the linked region (Fig. 1A) , suggesting that NPY itself might be a cis-QTL for NPY expression and secretion. Systematic polymorphism determination across the NPY locus. In 80 individuals of 4 diverse biogeographic ancestries, we identified 14 SNPs, 1 2-base insertion/deletion (Ins/Del), and 1 single-base Ins/Del, in 6 amplicons spanning a 3,219-base pair (bp) footprint over the approximately 8-kbp locus plus proximal promoter (Fig. 1B , Online Table 7 ). Of these, 5 polymorphisms are common (at minor allele frequency [MAF] Ն20%); in the proximal promoter, there is 1 common SNP (rs16147, C-399T, MAF ϭ 47.6%) and 1 common 2-base Ins/Del (rs3037354, ٌϪ880⌬ Ins/Del TG/-, MAF ϭ 19.3%). We identified 2 non-synonymous SNPs: 1 in the signal peptide (rs16139; T1071C, Leu7Pro; MAF: 1.9%), and the other in exon-4 (T7493C, Met95Thr; 0.6%). Each of the 2 common polymorphisms in the NPY promoter (ٌϪ880⌬ and CϪ399T) potentially interrupts transcription factor binding motifs (Fig. 1C) . Pair-wise linkage disequilibrium. To visualize patterns of SNP associations, pair-wise correlations among the 5 common SNPs (MAF Ͼ20%) were quantified as linkage disequilibrium (LD) parameter D' by Haploview (20) across the NPY locus. A single block of LD was maintained across much of locus (D' Ͼ0.8) in both whites and Asians, whereas in blacks and Hispanics, the 2 promoter SNPs also remain in 1 block (Online Fig. 2 ). NPY genetic variation and stress responses in twin and sib pairs. Here we studied stress/BP phenotypes in a sample of twin/sib pairs of European ancestry. NPY haplotypes and heritable plasma NPY and BP changes to stress in twins. Given the relatively high degree of LD across the gene (Online Fig. 2 ), we began with haplotypes to span the locus, with 5 common polymorphisms (rs3037354, rs16147, rs16140, rs5573, and rs5574, MAF Ͼ20%) and 1 SNP in the signal peptide (rs16139 Leu7Pro, MAF ϭ 2%), each in Hardy-Weinberg equilibrium (Online Tables 8 and 9 ), thus encompassing structural/ functional domains across the gene (promoter, exons, introns). In the twin/sib pairs, NPY displayed 3 common haplotypes (Online Table 10 ), among which the secondmost common-⌬TGTGC-was associated with plasma NPY concentration as well as BP change during cold stress ( Fig. 2A) . Occurrence of haplotype ⌬TGTGC elevated plasma NPY from 76.3 Ϯ 1.97 pmol/l to 91.1 Ϯ 5.42 pmol/l (by approximately 19%, p ϭ 0.01), whereas ⌬DBP increased from 10.0 Ϯ 0.7 mm Hg to 14.7 Ϯ 1.9 mm Hg (by approximately 47%, p ϭ 0.016) (Fig. 2A) . NPY promoter polymorphism ١؊880⌬: effects on heritable biochemical and physiological "intermediate" traits in twins. In the twin/sib sample, the promoter Ins/Del polymorphism within the NPY haplotype block displayed the peak effect on traits: ٌϪ880⌬ was associated with plasma NPY as well as BP change during the cold stress test (change in DBP) (Fig. 2B , Table 1 ). The ⌬/⌬ homozygotes displayed mean NPY of 100.1 Ϯ 7.8 pmol/l, whereas ٌ carriers (ٌ/⌬ or ٌ/ٌ) were diminished, at 71.8 Ϯ 2.8 pmol/l (chi-square ϭ 12.26, p ϭ 0.00046). The ⌬/⌬ homozygotes displayed a cold-stress DBP increment of 14.6 Ϯ 1.7 mm Hg, whereas ٌ carriers (ٌ/⌬ or ٌ/ٌ) exhibited a change in DBP of 9.8 Ϯ 0.8 mm Hg (chi-square ϭ 7.22, p ϭ 0.0072).
DeltaϪ880⌬ exhibited reciprocal effects on basal hemodynamics: ٌ/ٌ homozygotes displayed the lowest SVRI (SVR/body surface area) values, at 798. (Table 2) . Metaanalysis combining the twin/sib pairs and Marine Resilience Study samples in an additive model indicated allelic effects consistent in magnitude (beta) and direction (sign on slope) across groups; the overall slope of the meta-analysis regression (beta) ϭ 7.492 with SE (of beta) ϭ 1.769, p Ͻ 0.0001.
In a second replication, 2,212 Australian twins phenotyped for plasma NPY and subjected to genome-wide association, InsϪ880Del was not typed, but nearby variant rs16139 (Exon-1, Leu7Pro) was available (hence, this was not an exact replication). By regression, T-allele beta ϭ 0.226, SE (of beta) ϭ 0.094; the result was significant at p ϭ 0.016, and the directional effect of the T-allele was the same in Australia as in the haplotype bearing the T-allele in the San Diego studies (⌬TGTGC) (Fig. 2A) . A separate test of Leu7Pro in the San Diego subjects confirmed its effect on plasma NPY (p ϭ 0.034), with the same directional effect on the NPY trait (TϾC). NPY promoter motifs: computational disruption by common variants ١؊880⌬ (glucocorticoid response element motif) and C-399T (PAX6 motif). The ٌϪ880⌬ (2-bp, TG/-, Ins/Del; rs3037354) variant lies in a region relatively conserved across species (especially in primates) with a partial match (8/12 bp) for a consensus glucocorticoid response element (GRE) motif and the insertion displaying a superior match (Figs. 1C and 3A) .
C-399T (rs16147) also lies in a region relatively conserved across species, particularly in primates, with a partial match (9/14 bp) for a consensus PAX6 (PAired boX gene 6) motif, with the C-allele displaying a superior match (Fig. 1C , Online Fig. 3 ). The chimp sequence suggests that the T (less frequent)-allele is ancestral in humans. Association of C-399T (rs16147) with responses to stress or emotional challenge (15) as well as early onset atherosclerosis (21) have been reported, and C-399T lies within our NPY block of LD (Online Fig. 2 ) as well as our trait-associated haplotypes ( Fig. 2A) . However, we found no functional effects of C-399T (Online Figs. 3 and 4) . A recent functional study found that the -399T (but not C-399) allele of an oligonucleotide shifted mobility during EMSA (22) ; that study employed nuclear protein extracts from postmortem human brain rather than a chromaffin cell line. 6 ). GRE at ١؊880⌬ in the NPY promoter: characterization.
NPY PROMOTER MOTIFS: COMPUTATIONAL DISRUPTION OF
GRE MOTIF BY COMMON VARIANT ١؊880⌬. The ٌϪ880⌬ (2-bp, TG/-, Ins/Del) variant lies in a region relatively conserved across species (especially in primates) with a partial match (8/12 bp) for a consensus GRE motif and the insertion displaying a superior match (Fig. 3A, left) . The human ancestral allele is likely the ٌ (TG) version (i.e., the most frequent human allele), on the basis of the chimp sequence, although the ⌬ (-) version is recurrent in another primate, the orangutan.
PROMOTER ١؊880⌬: EXOGENOUS GLUCOCORTICOID AGONIST (DEXAMETHASONE) ON REPORTER ACTIVITY.
Dexamethasone decreased transfected NPY promoter activity (p ϭ 0.002) (Fig. 3A, right) but only in the presence of the ٌ allele at Ϫ880: by 37% (p ϭ 0.019) on ٌ-C and 20% (p ϭ 0.05) on ٌ-T haplotypes. There was little or no effect of dexamethasone on haplotypes bearing the Ϫ880 ⌬-allele (⌬-C or ⌬-T haplotypes).
PROMOTER ١؊880⌬: EMSA AND ANTI-GLUCOCORTICOID RECEPTOR SUPER-SHIFT. During EMSA, the labeled Ϫ880 insertion (ٌ, TG Ins) variant was more effectively shifted by chromaffin cell nuclear proteins than the deletion (-, ⌬) allele. One shifted band (see arrow in Fig. 3B ) was completely displaced by the unlabeled oligonucleotides and approximately 90% diminished when an anti-glucocorticoid receptor (GR) antibody was added, suggesting specific recognition of the insertion allele by GR (Fig. 3B) .
NPY GENETIC VARIATION IN SUBJECTS WITH THE MOST EXTREME BP VALUES IN THE POPULATION.
Here we studied BP trait-extreme individuals of European ancestry, to enhance statistical power (23, 24) . As in the twin/sib pairs, we probed the 5 common polymorphisms (rs3037354, rs16147, rs16140, rs5573, and rs5574, MAF Ͼ20%) and 1 SNP in the signal peptide (rs16139 Leu7Pro, MAF ϭ 2%), each in Hardy-Weinberg equilibrium (Online Table 11 ), to span the structural/functional domains across the gene (promoter, exons, introns) in this case/control study.
HAPLOTYPE ASSOCIATION WITH BP.
In the white BPextreme population, NPY also displayed 3 common haplotypes (Online Table 12 )-similarly as in twin/sib pairsamong which the second-most common, ⌬TGTGC, was associated with the quantitative BP traits (SBP and DBP in mm Hg) as well as the dichotomous trait (higher and lower BP) (Fig. 4A) . Occurrence of haplotype ⌬TGTGC elevated SBP from 127.4 Ϯ 1.0 mm Hg to 132.1 Ϯ 1.2 mm Hg (increasing 3.7%, p ϭ 0.003), whereas DBP increased from 76.7 Ϯ 0.7 mm Hg to 79.3 Ϯ 0.8 mm Hg (increasing 3.45%, p ϭ 0.016) (Fig. 4A, left panel) . Haplotype analysis on subjects dichotomized into 2 BP groups (higher vs. lower BP) indicated that individuals carrying common haplotype ⌬TGTGC had a tendency to be hypertensive, with Fisher exact test p ϭ 0.01 (Fig. 4A, right panel) . The most common haplotype (ٌCCTAT) did not display an effect on either the dichotomized or quantitative BP traits.
PROMOTER ١؊880⌬ AND BP. Single SNP-based allele tests showed that promoter variant ٌϪ880⌬ (TG/-, Ins/Del) yielded the maximal association with BP. In a ⌬ dominant/ٌ recessive model, both SBP (p ϭ 0.004) and DBP (p ϭ 0.044) were increased in ⌬ carriers (⌬⌬ or ⌬/ٌ genotype) (Fig. 4B, left panel) , and such individuals also were at increased risk for hypertension, with Fisher exact test p ϭ 0.029 (Fig. 4B, right panel) .
Discussion
NPY and stress: overview. The NPY is a sympathetic co-transmitter co-stored with norepinephrine in large dense-core vesicles, which when co-released triggers vaso- Additive linear models were tested by linear regression, with effect size expressed as beta (slope/allele), Ϯ SE of beta. Effects of rs3037354 across groups were evaluated with the META command in STATA (StataCorp, College Station, Texas), with a fixed effect (i.e., genotype) on trait (NPY) model. A1 ϭ allele_1 (-, less frequent allele); MRS ϭ Marine Resilience Study; pNPY ϭ plasma Neuropeptide Y concentration; SNP ϭ single nucleotide polymorphism; TG ϭ 2-base pair (bp) insertion allele; Ϫ ϭ 2-bp deletion allele. constriction via its Y1 receptor (25) . Compared with norepinephrine, NPY is preferentially released by intense or prolonged sympathetic activation and therefore is a marker of even more severe stress (26) . Long-term elevations of NPY might exhibit both detrimental and beneficial consequences, such as resilience to and recovery from post-traumatic stress disorder or dampening the fear response, allowing individuals to perform better under extreme stress (27) . In this study, we began with genome-side linkage showing that variation at the NPY locus itself determines NPY secretion. Then systematic polymorphism determination at the gene, coupled to heritable trait phenotyping in twin pairs, suggested a role for promoter Ins/Del polymorphism ٌϪ880⌬ in NPY secretion and autonomic traits, with replication in independent groups. Molecular biology documented that ٌϪ880⌬ disrupted a GRE. Finally, we found that (ٌϪ880⌬) associated with BP in the population. Heritable control of NPY secretion by the NPY gene in twins, with replication. The NPY release is substantially under substantial genetic control (h 2 ϭ 73 Ϯ 4%) (Table 1) , and a cis-quantitative trait loci on chromosome 7p15 was identified with multipoint linkage analysis in twin and sib pairs (Fig. 1A) . Subsequently, we found that common promoter variant Ϫ880⌬ associated with elevated NPY secretion (Fig. 2B) ; this marker-on-trait association is consistent with findings of Zhou et al. (15) in which subjects with NPY haplotypes bearing allele Ϫ880⌬ display higher plasma NPY, whereas haplotypes bearing allele ٌϪ880 associated with lower plasma NPY. Indeed, we were able to replicate the finding of NPY genetic determination on NPY secretion in vivo in 2 independent samples, with effects consistent in direction and magnitude, by meta-analysis (Table 2) . NPY gene and stress traits in twins. We found that the Ϫ880⌬ allele is associated with not only NPY secretion and (Fig. 2C) , progressing to elevated basal SBP/DBP in population sample (Fig. 4B) . Glucocorticoids, NPY gene expression, and BP. Here we found that the insertion (ٌ) version of NPY promoter variant ٌϪ880⌬ created a partial match (8/12 bp) for a GRE motif (Fig. 3A, left) , and the ٌ element responded functionally to glucocorticoid (Fig. 3A, right) by binding the GR (Fig. 3B) . Previous promoter studies indicated that the ٌϪ880⌬ variant lies within a region containing a negative regulatory element, because elimination of the region between Ϫ1078/Ϫ796 bp resulted in approximately 2-fold increased transcription (29) . We studied NPY transcription in PC12 (rat pheochromocytoma) cells and found that promoter activity decreased after glucocorticoid (Fig.  3A, right) . This decline is consistent with previous findings that treatment with dexamethasone reduced NPY messenger ribonucleic acid accumulation in cultured human pheochromocytoma cells (30) . Targeted ablation of the GR in the nervous system of transgenic mice results in a significant increase of NPY expression (31) . Cortisol reduced and the glucocorticoid antagonist metyrapone increased NPY expression in fish brain (32) . In an anatomically defined study, dexamethasone increased adrenal capsular NPY, with reversal by simultaneous administration of ACTH; in the medulla, however, dexamethasone decreased NPY content (33) . NPY and BP regulation. Exogenous NPY exerts either hypertensive (peripheral) or hypotensive (central) effects, depending on the site of its administration. When administered centrally, the peptide displays sympatholytic, hypotensive, and anxiolytic effects (34, 35) . In contrast, acute administration of NPY into the systemic circulation increases BP (36) . In humans and animals, NPY secretion increases in response to cold exposure, tissue injury and ischemia, hemorrhagic shock, and treadmill exercise, particularly when combined with hypoxia (37) . Elevated NPY secretion is found in a variety of conditions with sympathetic hyperactivity such as hypertension, congestive heart, and renal failure (26) . Moreover, at even lower than vasoconstrictor concentration, NPY stimulates vascular smooth muscle cell proliferation (38) .
Meta-Analysis of a Human NPY Promoter Variant on NPY Secretion
Here we found that haplotypes across the NPY locus associated with not only pressor responses ( Fig. 2A) but also basal SBP and DBP as well as hypertension status (Fig. 4A) , and the peak effect occurred for promoter variant ٌϪ880⌬ (Figs. 2B and 4B), at which the ⌬ allele was associated with higher BP. Study strengths. We used the classical twin design in the search for trait-associated polymorphisms (39), beginning with genome-wide sib pair linkage (Fig. 1A) . Multiple autonomic phenotypes were measured in the twins, permitting estimation of trait heritability as well as definition of effects of particular genetic variants at NPY on such heritable "intermediate phenotypes" (Table 1) ; dual documentation of heritability and association lends internal consistency to the approach. Rather than using HapMap "tagging" SNPs, we systematically scanned the NPY locus for common or unusual variants in functional gene regions (exons, untranslated regions, and promoter). This approach allowed us to associate variants in potentially active regions with physiological traits in vivo and then pursue the functional consequences of such variants in reporter assays in cella (Figs. 2 to 4 ). Finally, we were able to replicate our effects on NPY (Table 2) . Study limitations. Although we conducted systematic polymorphism determination in 4 diverse ethnic groups, our studies on autonomic physiology and disease were conducted only in subjects of European ancestry, because allelic association studies can be susceptible to artifactual conclusions resulting from even inapparent population admixture (40) ; studies of additional ethnic or population groups will be required to evaluate whether our NPY results are of more general importance in the overall population. False positive (type I) statistical errors might occur during genetic associations, because the effects of multiple genetic variants might be evaluated on traits. We guarded against such errors in several ways: we began with genome-wide linkage, and then proceeded to haplotype analysis, achieving genetic effects first on NPY secretion with genome-wide stringency (Fig. 1A) and then on population BP (Fig. 4A ) without multiple testing. Moreover, we extended our effects to 3 independent subject groups; the same NPY promoter allele associated with higher basal population BP also associated with "intermediate phenotypes" for hypertension in independent groups: elevated NPY secretion, exaggerated BP response during stress, higher systemic vascular resistance and lower CI, each of which might be "intermediate" phenotypes for development of high BP in the population ( Figs. 2A and 2B ).
Conclusions and Perspectives
Common genetic variation at the NPY locus, particularly at promoter ٌϪ880⌬, alters glucocorticoid responses and so influences NPY expression as well as systemic vascular resistance, later the early heritable response to environmental stress, and ultimately resting BP in the population. Although causal inferences in this proposed chain of events
are not yet established, we illustrate a proposed pathway (schematized in Fig. 5 ) that integrates our conceptual approach with application to the NPY system; this pathway yields testable predictions for future experimental verification. These results point to new molecular strategies for probing autonomic control of the circulation and ultimately the susceptibility to and pathogenesis of cardiovascular and neuropsychiatric disease states.
